The Monte Carlo model Sibyll has been designed for efficient simulation of hadronic multiparticle production up to the highest energies as needed for interpreting cosmic ray measurements. For more than 15 years, version 2.1 of Sibyll has been one of the standard models for air shower simulation. Motivated by data of LHC and fixed-target experiments and a better understanding of the phenomenology of hadronic interactions, we have developed an improved version of this model, version 2.3, which has been released in 2016. In this contribution we present a revised version of this model, called Sibyll 2.3c , that is further improved by adjusting particle production spectra to match the expectation of Feynman scaling in the fragmentation region. After a brief introduction to the changes implemented in Sibyll 2.3 and 2.3c with respect to Sibyll 2.1, the current predictions of the model for the depth of shower maximum, the number of muons at ground, and the energy spectrum of muons in extensive air showers are presented. 
Introduction
Sibyll is one of the standard hadronic event generators used in the simulation of extensive air showers initiated by high energy cosmic rays. It is designed to describe the general features of hadronic multiparticle production, like the leading particle effect, the formation of high-p T jets predicted in QCD, the production of diffractively excited states of the projectile and target, and approximate scaling of leading particle distributions with interaction energy. In Sibyll, focus is put on those physics aspects that are most relevant for the development of extensive air showers, like energy flow and particle production in the forward phase space region. While the model is kept as simple as possible, the important microscopic physics concepts and the general principles of scattering theory and unitarity are implemented to allow extrapolation to energies and phase space regions beyond the reach of colliders [1] [2] [3] .
In the recently released Sibyll 2.3 [4] the previous model version [3] was extended and updated while retaining the overall underlying picture of hadronic interactions implemented already in Sibyll 2.1. The most notable changes of Sibyll 2.3 wrt. version 2.1 are
• New fits to total and elastic cross sections for p-p, π-p and K-p interactions to match new LHC and fixed-target data.
• Explicit treatment of remnant excitations for better description of leading particle production.
• Enhanced production of vector resonances in the fragmentation region of mesons (ρ 0 ).
• Implementation of diffraction dissociation in interactions of hadrons with nuclei based on a two-component model (ground state and excited state of projectile and target hadrons), similar to the Good-Walker model of diffraction [5] .
• Increase of the rate of baryon-antibaryon pair production in string fragmentation, including a higher production rate in minijet fragmentation than in soft processes.
• Implementation of a phenomenological model for describing the production of charm particles. A summary of the physics ideas and principles on which Sibyll is based can be found in Ref. [6] and a first description of Sibyll 2.3 is given in Ref. [4] . Here we will discuss the update of Sibyll 2.3 to 2.3c.
Scaling behavior of leading particle distributions and extrapolation to high energy
One of the important tasks of interaction models used in astroparticle physics is the extrapolation from the energy range and phase space covered by laboratory measurements to energies and phase space regions that play a role in air shower development [7] or in the production of atmospheric leptons [8] . While measurements at LHC, for example, extend to ∼ 10 TeV in cm. energy, the interaction energies of cosmic rays, as they are studied by the Pierre Auger Observatory, extend up to cm. energies of 400 TeV. In terms of phase space the situation is worse still. Interactions with small momentum transfers (low-Q 2 , 'soft' scattering) are most common. These interactions cannot be calculated within perturbative QCD, the currently best approach for quantitatively predicting hadronic particle production. Moreover, in such interactions, particles are emitted at very small angles, which means they escape detection through the beam pipe in particle collider experiments.
Feynman scaling and leading particles
To allow for meaningful predictions, additional principles have to be invoked. One such principle is that of Feynman scaling [9] . It states that the production cross section of particle i at high energy is independent of the interaction energy and only depends on transverse momentum and the longitudinal momentum fraction
While Feynman scaling was quickly found to be violated by jet formation in hard scattering processes [10] , it is still believed to hold approximately in the so-called fragmentation region where soft interactions dominate. Translated into longitudinal phase space, one expects a universal shape for the production cross section of a given particle for x F 0.1 at high energy. Assuming Feynman scaling, the production spectra in an interaction model can be tuned to measurements at low energy where full phase space coverage is still feasible and then reliably extrapolated to high energies. In parton-based interaction models such as Sibyll, Feynman scaling is not imposed on the hadron level. Instead, the momentum distributions of the partons at the string ends and, correspondingly, of the hadrons produced in string fragmentation satisfy Feynman scaling. Due to overall energy-momentum conservation and the rapid increase of the secondary particle multiplicity, violation of Feynman scaling of leading particles is ultimately expected at very high energy. It is an open question to what extent Feynman scaling might be violated for leading particles at intermediate energies. In the limit of black disc scattering even a total absence of a leading particle effect, and hence maximum violation of Feynman scaling of the leading particles, can be expected [11] .
Sibyll 2.3c has been tuned to represent the most conservative assumption, namely minimal violation of Feynman scaling of leading particle distributions. Other models (EPOS [12] , QGSjet [13, 14] ) show a stronger violation of Feynman scaling.
Sibyll predictions for leading particle distributions
As an example for Feynman scaling, the production spectrum of π − for different energies in Sibyll 2.1 is shown in Fig. 1 (left) . As the cm. energy increases, more and more particles are produced in the so-called central region (x F < 0.1, large-p T ), while the rest of the spectrum remains unchanged. As previously mentioned, Feynman scaling is not explicitly implemented in the model but is an emergent phenomenon. It is a direct, albeit not necessarily evident prediction of the naive parton model and factorization [9] . Adding conservation of energy, the increase in the central region is expected to result in some softening of the forward spectra.
In models that predict explicit violation of Feynman scaling in the forward region, parton distributions of soft and hard processes are connected (i.e. breaking factorization) by, for example, deriving both from a common initial state [14] . Due to the connection of the forward region to the central region in such models, the extrapolation is still well constrained for the entire phase space, even without Feynman scaling. Different assumptions are, however, possible and lead to different extrapolations to high energy. With the current understanding and existing accelerator data of leading particle production it is not possible to distinguish between different scenarios.
In Fig. 1 (right) , the production spectrum for Sibyll 2.3 is shown. Contrary to the general expectation, the spectrum is shifted towards larger momentum fractions the higher the interaction energies are. While the effect is not very pronounced, it shows that an undesired interplay between different processes responsible for leading particle production takes place.
At parton level, Feynman scaling emerges from the factorization of the different interaction scales. In addition the hadronization model used in Sibyll, which is the string fragmentation model [15, 16] , has the property of preserving the scaling (assuming a constant string tension). One of the key differences between Sibyll 2.1 (scaling) and Sibyll 2.3 (no scaling) is the new treatment of excited beam remnants. While in Sibyll 2.1 the leading particles produced by the beam remnants are effectively included by adjusting the fragmentation process for partons related to the incoming hadrons (valence quarks), Sibyll 2.3 dynamically produces excited states whose decay products then emerge as the leading particles. Although this remnant model seems a good candidate to explain the unexpected scaling violations in the forward region in Sibyll 2.3, no direct connection was found.
Instead, the violations were found to be induced by an extension to string fragmentation that allows for the break-up of diquarks, the so-called popcorn model [17] . This model is used to reduce the correlation between baryon-antibaryon pairs in the fragmentation process, as observed in e + e − annihilation. It also leads to a broader rapidity distribution and harder x F -spectrum. In combination with the fast diquark from an initial proton it results in a significant hardening of the meson spectra. In Fig. 2 (left) the restoration of the scaling behavior for Sibyll 2.3, if diquark break-up disabled, is demonstrated. The effect of reverting the explicit treatment of the remnant excitation to the effective treatment in Sibyll 2.1 is also shown. The large deviation from scaling at 20 GeV is a lowenergy effect. It is related to the transition from string fragmentation to resonance production and decay. The popcorn mechanism was initially introduced to the model to improve this transition. In Sibyll 2.3c this is compensated by allowing larger remnant excitation masses and by retuning the fragmentation function and string tension. Furthermore, at low energy, the so-called associated production p → Λ 0 + K + was enhanced by adding it as an explicit final state of the isotropic phase space decay (fireball).
The resulting spectrum is shown in Fig. 2 (right) . Scaling behavior in the forward region is successfully restored. 
Kaon spectra and atmospheric lepton fluxes
In addition to the interpretation of cosmic ray measurements, EAS simulations are equally important in the context of high energy neutrinos, since the bulk of cosmic rays produces a constant background flux of atmospheric neutrinos. Integration over the whole spectrum of cosmic rays shifts the weight of particle production into the forward fragmentation region [8] . The hardening of the longitudinal spectrum in Sibyll 2.3, therefore, has an even larger impact on the predictions of atmospheric fluxes of muons and neutrinos than its impact on EAS. In this context, kaons are of particular importance. Because of their shorter lifetime combined with the steep cosmic-ray spectrum, their contribution to the fluxes of atmospheric leptons increases above a 1 TeV. The effect is most important for ν µ where, because of the decay kinematics, kaons become the dominant parent. Figure 3 (left) illustrates the problem for Sibyll 2.3 by comparing its predictions separately for production of K + and K − to the kaon spectra measured by NA49 [18] . Production of K + is overestimated in Sibyll 2.3. (Note that a weight factor of x 1.7 F is applied to reflect the effect of the steep primary cosmic-ray spectrum.) The hard spectrum of K + is due to the same effect as the scaling violations discussed in the previous section, namely the promotion of mesons to leading particles by diquark break-up. This interpretation is confirmed by noting that the effect is not present for negatively charged kaons. This difference between the charge states is expected given the absence of strange valence quarks in the proton, so the negative charge state (K − (ūs)) cannot be associated with leading quarks. With the adjustments 1 in Sibyll 2.3c, the shape of the kaon spectrum is reproduced more accurately. At the same time the advantages of the explicit treatment of the remnant excitations are preserved, as is shown in the comparison with the energy spectrum of neutrons measured by LHCf [21] in Fig. 3 (right) .
The predictions of Sibyll 2.3c for the atmospheric lepton fluxes are presented in a separate contribution at this conference [22] . Figure 3 : Left: Weighted spectra of kaon production in pp interactions [18] . Right: Energy spectrum of neutrons at small angles [21] .
Predictions for extensive air showers
The update of the hadronic interaction model Sibyll presented here mainly concerns the evolution of the shape of the production spectra of mesons at large values of Feynman-x. Due to the weighting with the primary spectrum in the calculation of the atmospheric fluxes of leptons these changes at large x F will have a larger effect on the atmospheric fluxes than on air shower predictions, where the production spectra enter via x dσ /dx. In addition, kaons play a smaller role in air showers.
In the following we show predictions calculated with CONEX [23] . The energy threshold for the transition between the Monte Carlo and numerical cascade equation was set to 5% of the primary energy.
For air showers, the updated model Sibyll 2.3c predicts a slightly shallower depth of the average position of shower maximum (X max ) than Sibyll 2.3. Compared to Sibyll 2.1, X max is deeper by 20 g/cm 2 across the energy range of ultra-high-energy cosmic rays, see Fig. 4 (left) . The number of muons (N µ ) is larger than in Sibyll 2.3, albeit only by a very small amount (Fig. 4 (right) ). Relative to Sibyll 2.1, N µ is larger by a factor ∼ 1.35 at 10 16 eV and by a factor ∼ 1.6 at 10 20 eV. In the current version, Sibyll predicts the largest number of muons of all post-LHC interaction models [13, 24] . There are no new processes in Sibyll 2.3c wrt. Sibyll 2.3 that could cause the slight increase in muon number, the only change is the shape of the production spectra.
The effect on muon production is summarized by the change in the energy spectrum of muons (Fig. 5) . The figure shows that the softening of the spectra and the restoration of Feynman scaling leads to the increase of muons with low-energy. Below 100 GeV Sibyll 2.3c produces most muons of all models. Beyond 1 PeV the contribution from the prompt decays of charmed hadrons sets in. The strong increase of the number of muons at low energies of the post-LHC models relative to Sibyll 2.1 is due to: (i) increased production of baryon-antibaryon pairs, (ii) the increased ratio π ± : π 0 in pion interactions in forward direction, mainly stemming from the formation of leading ρ 0 resonances instead of leading π 0 mesons.
In Fig. 5 (right) the ratio of the energy spectrum of muons of iron and proton showers is shown. With the post-LHC models, the overall difference between proton and iron decreases. In contrast to the energy spectrum of muons for the individual nuclei, the models agree very well on 10 Figure 4 : Difference between post-LHC models and Sibyll 2.1 for X max (left) and N µ (right). the difference between nuclei, in particular for muons of low energy.
Conclusion & Outlook
We have developed a new version of Sibyll, called Sibyll 2.3c, by re-tuning the model version 2.3 to obtain a better description of NA49 data. It was found that Sibyll 2.3c approximately obeys Feynman scaling in the fragmentation region up to the highest energies and gives a better description of the measured kaon production spectra than previous versions. The predictions for extensive air showers are very similar to Sibyll 2.3, as are the predictions for production of charmed hadrons. Larger changes are found for inclusive fluxes of atmospheric leptons, which are discussed in [22] .
